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•  Oxygen  partial  pressure  was  visual¬ 
ized  at  the  GDL  of  a  running  PEFC 
with  five  straight  gas-flow  channels. 

•  Water  blockages  formed  near  the 
outlet  lowered  the  oxygen  partial 
pressure  nearly  to  0  kPa  in  the 
blocked  channels. 

•  The  effects  of  the  air  cross  flows 
through  the  GDL  were  very  small 
across  the  straight  channels. 
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Visualization  inside  polymer  electrolyte  fuel  cells  (PEFCs)  for  elucidating  the  reaction  distributions  is 
expected  to  improve  the  performance,  durability,  and  stability.  An  oxygen-sensitive  film  of  a  luminescent 
porphyrin  was  used  to  visualize  the  oxygen  partial  pressures  in  five  straight  gas-flow  channels  of  a 
running  PEFC  with  liquid-water  blockages  formed  at  the  end  of  the  channels.  The  blockage  greatly 
lowered  and  unstabilized  the  cell  voltage.  The  oxygen  partial  pressure  decreased  nearly  to  0  kPa  in  the 
blocked  channel.  With  a  water  blockage  in  a  channel,  the  oxygen  partial  pressures  in  the  adjacent 
channels  were  lowered  due  to  an  extra  demand  of  oxygen  consumption.  When  the  number  of  the 
blocked  channels  increased,  the  oxygen  partial  pressure  in  the  unblocked  channels  became  much  low¬ 
ered.  When  the  water  blockages  disappeared,  the  oxygen  partial  pressures  quickly  returned  to  the  values 
before  plugging.  The  influence  of  the  cross  flows  of  air  through  the  gas  diffusion  layers  in  straight 
channels  was  much  smaller  than  that  in  serpentine  flow  channels. 
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1.  Introduction 

Polymer  electrolyte  fuel  cells  (PEFCs)  produce  electricity  directly 
from  hydrogen  and  oxygen  and  are  expected  as  a  new  clean  source 
of  energy  with  their  high  efficiency  and  low  emission.  For 
commercialization  of  PEFCs,  higher  performance,  lower  cost,  and 
higher  durability  are  still  required.  The  water  management  is  one  of 
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the  most  important  issues  for  PEFCs,  because  the  accumulation  of 
water  could  flood  the  porous  electrodes  and  gas-flow  channels  to 
deteriorate  performance  [1,2],  whereas  insufficiency  in  the  proton 
conductivity  and  degradation  of  membranes  could  occur  as  a  result 
of  membrane  drying  out  [3-5].  The  generation  and  the  distribution 
of  liquid  water  inside  the  fuel  cells  has  been  actively  studied  and 
successfully  visualized  by  direct  optical  observation  [6-11  , 
neutron  radiography  imaging  [12-19],  X-ray  imaging  [20-23  ,  and 
magnetic  resonance  imaging  [24-26].  The  oxygen  partial  pressure 
(P02)  is  also  an  essential  factor,  which  is  influenced  by  the  con¬ 
sumption  of  oxygen  for  the  power  generation  [27-29  ,  the  exis¬ 
tence  of  the  cross  flows  through  the  gas  diffusion  layer  (GDL)  2,30], 
and  the  production  of  gaseous  and  liquid  water  [10,29,31,32].  In 
order  to  understand  the  distribution  of  P02,  we  have  developed  a 
nondestructive,  real-time/space  visualization  system  for  P02  in 
operating  fuel  cells  [10,27-29,33  .  In  our  previous  paper,  we  visu¬ 
alized  P02  and  water  blockages  simultaneously  in  a  triple¬ 
serpentine  PEFC  to  investigate  the  relationship  between  the  two 
[10].  P02  in  a  serpentine  gas-flow  channel  around  water  blockages 
decreased  nearly  to  0  kPa,  but  along  the  channel  from  the  entrance 
to  the  plugging  position,  P02  was  considerably  large,  which  sug¬ 
gested  the  transfer  of  air  through  the  GDL  from  the  other  serpen¬ 
tine  channels.  In  this  paper,  we  visualized  P02  in  five  straight  flow 
channels  of  an  operating  PEFC  with/without  water  blockages.  Very 
differently  from  the  triple-serpentine  channels,  the  effects  of  the 
side  flows  through  the  GDL  from  the  neighbouring  channels  were 
very  small  in  a  PEFC  with  five  straight  channels. 

2.  Experimental 


1  mm,  respectively.  The  length  of  the  catalyst  layer  was  50  mm, 
thus  the  areas  of  the  first  2  mm  (0-2  mm  along  the  channel  length) 
and  the  last  2  mm  (52-54  mm  along  the  channel  length)  of  the 
channels  had  no  catalysts  in  the  MEA.  Gas  manifolds  were  placed  at 
the  inlet  and  outlet  of  the  channels.  The  exit  of  the  channel  was 
exposed  to  the  atmosphere.  Instrumental  setups  for  visualization 
have  been  reported  in  detail  elsewhere  [27,29].  A  cell  with  a  cath¬ 
ode  endplate  made  of  transparent  quartz  was  used  in  the  present 
experiments.  A  dye  film  ([tetrakis  (pentafluorophenyl)  porphyr- 
inato]  platinum  +  poly(l-trimethylsilyl-l-propyne))  [33]  was 
coated  on  the  GDL  surface  [29]  at  the  cathode  as  an  oxygen  sensor 
to  visualize  p02  on  the  GDL  surface.  In  a  separate  experiment,  the 
same  dye  film  was  coated  on  the  upper-channel  wall  of  the  PEFC 
(but  not  on  the  GDL)  for  detecting  P02  on  the  upper-channel  wall. 
Laser  light  (407  nm)  was  diffused  and  frontally  irradiated  onto  the 
transparent  cell  window.  The  emission  from  the  cell  was  filtered 
(>610  nm),  and  images  were  captured  with  a  CCD  camera.  Cali¬ 
bration  curves  were  obtained  before  the  cell  operation  by  changing 
P02  inside  the  cell.  By  use  of  the  calibration  curves,  the  emission 
signals  from  the  cell  were  converted  to  P02.  The  spatial  resolution 
was  120  pm.  Images  were  captured  every  1.5  s  during  the  cell 
operation.  Water  droplets  were  simultaneously  observed  with  P02 
using  this  optical  system  [10,11  .  The  location  of  the  water  droplets 
were  also  confirmed  by  looking  directly  with  eyes  through  the 
endplate.  The  cell  temperature  was  set  at  80  °C,  and  gases  were 
humidified  at  80%  and  90%  RH.  The  hydrogen  was  supplied  at 
0.2  dm3  min  1  to  the  anode  gas-flow.  The  overall  oxygen  utilization 
(D02)  was  set  at  0, 15,  30, 45,  60,  and  75%  at  a  current  density  of  0.6 
A  cm-2  by  controlling  the  air  flow  to  the  cathode  gas-flow  channels. 


For  the  gas  diffusion  electrodes  (GDEs),  a  paste  of  Pt  catalyst 
supported  on  carbon  black  (TEC10E50,  46.4  wt%-Pt,  Tanaka  Kikin- 
zoku  Kogyo  K.K.)  containing  Nation  ionomers  (ion  exchange  ca¬ 
pacity  (IEC)  =  0.9  mequiv  g^1,  DE521,  E.I.  Du  Pont  de  Nemours  &  Co., 
Inc.)  as  a  binder,  with  a  Nation  mass  (dry  basis)  to  carbon  black  ratio 
adjusted  to  0.7,  was  uniformly  coated  on  a  GDL,  25BCH  (SGL 
Technologies,  GmbH),  by  use  of  a  pulse-swirl-spray  apparatus  (PSS, 
Nordson  Co.,  Ltd.),  and  then  dried  at  60  °C.  The  Pt  loading  was 
0.5  ±  0.1  mg  cm-2  both  at  the  anode  and  the  cathode.  An  MEA  was 
prepared  by  hot  pressing  a  membrane,  NRE212  (E.I.  Du  Pont  de 
Nemours  &  Co.,  Inc.),  with  the  GDEs  at  140  °C  and  1.0  MPa  for  3  min. 
Fig.  1(a)  shows  the  schematic  representation  of  the  gas-flow 
channels  of  the  cathode  and  the  anode,  and  Fig.  1(b)  the  five  gas- 
flow  channels  (54  mm  in  length,  assigned  as  Channels  1-5)  and 
the  MEA.  The  channel  depth  and  width  of  the  cell  were  0.6  and 
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Fig.  1.  Schematic  representations  of  gas-flow  channels  (a)  and  gas-flow  field  and  MEA 
(b)  with  channel  numbers,  #1  to  5. 


3.  Results  and  discussion 

Fig.  2  shows  P02  on  the  GDL  surface  inside  the  five  straight  gas- 
flow  channels  at  80%  RH.  At  the  open  circuit  voltage  with  no  power 
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Fig.  2.  P02  on  the  GDL  surface  visualized  in  an  operating  PEFC.  (a)  U02  =  0%,  Air  flow 
rate  =  0.332  dm3  min-1,  (b)  U0 2  =  75%,  Air  flow  rate  =  0.066  dm3  min-1,  current 
density  =  0.6  A  cm-2.  Cell  temperature  =  80  °C;  relative  humidity  =  80%;  H2  flow 
rate  =  0.200  dm3  min-1. 
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Fig.  3.  P02  on  the  GDL  surface  visualized  in  an  operating  PEFC.  (a)  U02  =  0%,  Air  flow 
rate  =  0.332  dm3  min-1,  (b)  U02  =  15%,  Air  flow  rate  =  0.332  dm3  min-1  (c)  U02  =  30%, 
Air  flow  rate  =  0.166  dm3  min-1.  Water  blockage  existed  at  the  end  of  Channel  3.  (d) 
Uq2  =  30%,  Air  flow  rate  =  0.166  dm3  min-1.  No  water  blockage.  Cell 
temperature  =  80  °C;  relative  humidity  =  90%;  H2  flow  rate  =  0.200  dm3  min-1; 
current  density  =  0.6  A  cm  2  except  (a). 


generation,  P02  was  13  kPa  in  all  channels  (Fig.  2(a)).  The  pressure 
loss  was  very  small  compared  with  that  in  serpentine  channels 
[29,34].  Fig.  2(b)  was  obtained  5  min  after  the  current  density  was 
set  at  0.6  A  cm-2,  where  U02  =  75%.  P02  is  seen  to  decrease  grad¬ 
ually  along  the  channels  from  the  inlet  to  the  outlet.  In  the  three 


Fig.  4.  p 02  on  the  surface  of  the  upper  flow  channel  visualized  in  an  operating  PEFC. 
U02  =  30%,  Air  flow  rate  =  0.166  dm3  min-1.  Water  blockage  existed  at  the  end  of 
Channel  4.  Cell  temperature  =  80  °C;  relative  humidity  =  90%;  H2  flow 
rate  =  0.200  dm3  min-1;  current  density  =  0.6  A  cm-2. 


central  channels  (Channels  2,  3,  and  4),  P02  decreased  in  a  similar 
manner.  In  Channels  1  and  5,  P02  was  higher  than  that  in  other 
channels  at  the  same  channel  length.  The  difference  among  the 
channels  can  be  explained  by  the  geometry  of  the  cathodic  reaction 
area.  No  water  droplets  were  observed  at  80%  RH  and  U02  =  75%. 

Fig.  3  shows  P02  on  the  GDL  at  90%  RH.  At  U0 2  =  0%  (Fig.  3(a)), 
P02  was  12  kPa  throughout  the  channels.  At  U02  =  15%  (Fig.  3(b)), 
P02  was  steadily  observed  to  decrease  along  the  channels  from  the 
inlet  to  the  outlet  at  the  cell  voltage  of  0.50  V.  As  U02  was  increased 
to  30%,  the  cell  voltage  became  0.46  V  but  abruptly  dropped  to 
0.38  V.  After  minutes,  the  voltage  suddenly  increased  to  0.51  V, 
higher  by  0.05  V  than  that  before  the  voltage  drop,  which  will  be 
later  discussed.  The  two  stages  of  voltage  at  0.51  and  0.38  V  peri¬ 
odically  repeated  approximately  every  two  minutes.  This  voltage 
change  was  separately  observed  in  a  cell  with  carbon  endplates 
with  the  same  design  of  flow  channels  (Fig.  1(a)),  therefore,  this 
phenomenon  is  not  unique  to  our  see-through  cell.  Fig.  3(c)  and  (d) 
show  P02  at  a  voltage  drop  and  a  recovery,  respectively.  At  the  cell 
voltage  drop,  Channel  3  is  seen  blue  except  near  the  inlet.  This 
means  that  P02  on  the  GDL  decreased  nearly  to  0  kPa  in  Channel  3. 
Through  the  transparent  endplate,  very  small  water  droplets  were 
observed  on  the  rib  walls  near  the  outlet  to  coalesce  themselves  to 
be  a  blockage  close  to  the  outlet  at  the  voltage  drop.  The  water 
blockages  were  observed  only  near  the  outlets.  When  the  water 
blockage  was  blown  out  from  the  channel,  the  voltage  recovered. 
Therefore,  water  blockages  near  the  outlet  hindered  an  air  flow 
through  the  channel,  so  that  P02  on  the  GDL  in  the  channel,  except 
only  near  the  inlet,  became  nearly  0  kPa.  The  blocked  channel  was 
not  only  Channel  3,  but  different  channels  were  also  observed  to  be 
plugged.  Two  channels  were  sometimes  observed  to  be  blocked, 


14 


12 

10 


cd 

Ph 


<N 

o 


8 

6 

4 


15% 

30%  without  a  blockage 

30%  with  a  blockage  in  Channel  3 


0  10  20  30  40  50 

Channel  length  /  mm 

Fig.  5.  p 02  along  Channel  3  (a)  and  Channel  4  (b).  U02  =  0, 15,  30%.  Data  were  obtained 
from  Fig.  3.  U0 2  =  0%,  blue  line.  U0 2  =  15%,  red  line.  U0 2  =  30%  with  no  water  blockage, 
purple  line.  U02  =  30%  with  a  water  blockage  in  Channel  3,  green  line.  (For  interpre¬ 
tation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  this  article.) 
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Fig.  6.  P02  on  the  GDL  surface  in  an  operating  PEFC.  Cell  temperature  =  80  °C;  relative 
humidity  =  90%;  H2  flow  rate  =  0.200  dm3  min-1;  Air  flow  rate  =  0.142  dm3  min 
current  density  =  0.6  A  cm  2;  t/02  =  35%.  Each  image  was  obtained  in  1.5  s. 


too,  which  will  be  later  shown.  Independently,  we  visualized  P02  on 
the  upper-channel  wall  with  the  dye  film  on  the  channel  wall.  Fig.  4 
shows  P02  on  the  upper-channel  wall,  which  also  became  0  kPa 
except  near  the  inlet  when  Channel  4  was  blocked.  Therefore,  P02  in 
the  whole  flow  channel,  from  the  upper-channel  wall  to  the  GDL, 
was  confirmed  to  be  0  kPa,  when  the  channel  was  blocked.  Fig.  5(a) 
and  (b)  show  P02  along  Channels  3  and  4,  respectively,  at  U02  =  0% 
(blue  line),  15%  (red  line),  30%  without  a  water  blockage  (purple 
line),  and  30%  with  a  blockage  in  Channel  3  (green  line).  During  the 
power  generation  (D02  =  15%  and  30%),  there  appeared  small 
fluctuations  on  the  P02  curves  (Fig.  5).  This  fluctuation  was  because 
of  the  water  mists  on  the  wall  of  the  transparent  upper  flow 
channel  at  a  high  humidity,  which  scatter  the  irradiation  and 
emission  lights  [10,35  .  In  the  channels  without  a  water  blockage, 
P02  appeared  to  decrease  smoothly,  indicating  a  homogeneous 
consumption  of  oxygen  along  the  channel  length.  Interestingly, 
near  the  inlet  between  0  and  2  mm  along  the  channel  length  with 
no  catalyst  layer  (Fig.  1(b)),  P02  is  already  seen  to  decrease  by  the 
oxygen  consumption  at  the  catalyst-coated  region  (2-52  mm). 
Approximately  at  50  mm  along  the  channel  length,  P02  begins  to 
increase  because  of  no  catalyst  layer  between  52  and  54  mm.  When 
there  was  a  water  blockage  in  Channel  3,  P02  steeply  decreased  near 
the  inlet  in  the  channel  and  became  nearly  0  kPa  in  the  area  from 
8  mm  to  the  outlet  (green  line  in  Fig.  5(a)).  Fig.  5(b)  shows  P02  in 
Channel  4,  an  adjacent  channel  to  the  blocked  channel.  With  no 
blockage,  the  P02  distributions  were  similar  in  Channels  3  and  4. 


When  a  blockage  existed  in  Channel  3  at  D02  =  30%,  P02  in  Channel 
4  decreased  by  approximately  1  kPa  except  at  the  inlet  and  the 
outlet.  The  decrease  in  P02  in  the  adjacent  channel  should  be 
attributed  to  a  larger  consumption  of  oxygen  instead  of  the  blocked, 
dead  channel  to  keep  the  total  power  generation  constant.  The 
sudden  decrease  of  the  voltage  with  emerging  a  blockage  can  be 
explained  by  the  increase  in  current  density  except  on  the  blocked 
flow  field,  or  the  sudden  decrease  in  the  active  area  for  the  power 
generation.  During  the  power  generation  with  a  blocked  channel, 
the  rate  of  the  water  generated  at  the  active  area  increased  because 
of  the  higher  local  current  density.  The  increase  in  water  production 
should  have  increased  the  proton  conductivity  of  the  catalyst  layer 
and  membrane,  which  could  be  the  reason  for  the  increase  in  the 
voltage  from  0.46  to  0.51  V  after  the  first  plugging.  A  slight  increase 
in  voltage  has  also  been  reported  after  a  temporary  increase  in 
current  density  of  a  PEFC  [5].  The  decrease  in  P02  in  the  channel 
adjacent  to  the  blocked  channel  was  very  different  from  the  results 
observed  in  serpentine  channels  [10],  where  a  large  cross  flow 
[2,30]  between  the  channels  through  the  GDL  effectively  supplied 
oxygen  to  the  blocked  channel  to  make  the  power  generation 
possible.  In  the  adjacent  serpentine  channels,  the  decrease  in  P02 
was  visualized  to  be  negligibly  small  10].  When  a  blockage  dis¬ 
appeared  in  the  straight  channels,  P02  as  well  as  the  voltage  quickly 
returned  to  the  value  before  the  formation  of  the  blockage.  This 
sudden  recovery  was  also  not  the  case  in  a  PEFC  with  serpentine 
channels;  in  a  serpentine  channel  after  a  disappearance  of  a 
blockage,  a  low  power  generation  continued  for  minutes  in  the 
channel  because  of  liquid  water  having  formed  and  accumulated  in 
the  catalyst  layer  [10].  Wetting  of  the  catalyst  layer  under  the 
blocked  straight  flow  channel,  therefore,  should  be  very  low, 
because  of  no  water  production  with  the  loss  of  oxygen  supply.  It 
has  been  reported  that  the  PEFC  with  straight  channels  has  a  low 
tolerance  for  flooding  by  the  formation  of  liquid  water  [2,8,36]. 
According  to  the  present  visualization  results,  PEFCs  with  straight 
channels  are  more  “sensitive”  to  liquid  water  than  those  with 
serpentine  channels;  the  cell  voltage  easily  drops  but  easily  re¬ 
covers.  Alternatively,  since  the  influence  of  the  cross  flows  through 
the  GDL  across  the  channels  is  smaller  for  straight  channels  than  for 
serpentine  channels,  the  water  evacuation  under  the  ribs  is  ex¬ 
pected  to  be  smaller  in  a  PEFC  with  straight  channels.  Therefore,  in 
a  PEFC  with  straight  channels,  although  the  catalyst  layer  under  the 
flow  channels  might  not  be  wet,  the  catalyst  layer  as  well  as  the 
GDL  under  the  ribs  could  be  very  wet. 
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Fig.  7.  p 02  along  Channel  4  with  Channel  5  blocked  (red  line),  Channel  3  blocked  (green  line),  and  Channels  3  and  5  blocked  (blue  line).  Cell  temperature  =  80  °C;  relative 
humidity  =  90%;  H2  flow  rate  =  0.200  dm3  min-1;  Air  flow  rate  =  0.142  dm3  min-1;  current  density  =  0.6  A  cm  2;  U02  =  35%.  (For  interpretation  of  the  references  to  colour  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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When  U02  was  increased  from  30%  to  35%,  the  cell  voltage 
showed  a  larger  instability;  the  voltage  drop  (0.17  V)  and  recovery 
(0.46  V)  were  periodically  repeated  approximately  every  five  sec¬ 
onds.  Fig.  6  shows  the  visualization  images  during  the  voltage  drop. 
Not  only  one  but  two  channels  (Channels  3  and  5)  were  blocked  at 
Uq2  =  35%.  The  blockage  disappeared  and  appeared  very  quickly  in 
one  second.  Fig.  7(a)  shows  the  visualization  images  from  left  to 
right,  when  water  blockages  existed  in  Channel  5,  in  Channel  3,  and 
both  in  Channels  3  and  5.  In  Fig.  7(b),  P02  along  Channel  4  sand¬ 
wiched  by  Channels  3  and  5  is  plotted.  When  there  was  one 
blockage  in  Channel  5  (red  line)  or  Channel  3  (green  line),  P02  in 
Channel  4  was  nearly  the  same  and  the  voltage  was  0.46  V.  When 
there  was  two  blockages  in  Channels  3  and  5  (blue  line),  P02  in 
Channel  4  became  lowered  and  the  voltage  dropped  to  0.17  V  for 
the  compensation  of  the  inactive  Channels  3  and  5.  The  multiple 
water  blockages  much  unstabilized  the  voltage  accompanied  by  the 
continuous  change  of  the  plugged  channels. 

4.  Conclusions 

P02  in  a  PEFC  with  five  straight  channels  was  visualized,  when 
one  or  two  channels  were  blocked  with  liquid  water  near  the 
outlet.  P02  in  the  blocked  channels  became  nearly  0  kPa,  where  the 
power  generation  was  not  possible,  p 02  in  the  adjacent  active 
channels  became  lower  because  of  the  larger  power  generation. 
When  there  were  multiple  blockages,  the  alteration  of  the  block¬ 
ages  proceeded  very  fast  in  one  second.  When  blockages  dis¬ 
appeared,  P02  and  the  voltage  quickly  returned  to  the  values 
without  blockages.  These  results  were  very  different  from  those  in 
serpentine  channels,  mainly  because  of  the  small  cross  flows, 
because  the  cross  flow  through  the  GDL  of  the  straight  channels 
was  smaller  than  that  of  the  serpentine  channels.  The  present 
results  should  be  reflected  for  the  improvement  of  designs  of 
channels  and  MEAs. 
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